Within a fully covariant model based on an effective Lagrangian picture, we investigate the hypernuclear production in photon-nucleus interaction on 16 O target. The explicit kaon production vertex is described via creation, propagation and decay into relevant channel of N * (1650), (1710) baryonic resonance dominate the total production cross sections which are found to peak at photon energies below 1 GeV. The results show that photoproduction is the most appropriate means for studying the unnatural parity hypernuclear states, thus accessing the spin dependence of the hyperon-nucleon interaction.
terest in this field has been revived as a number of experiments are planned for this reaction at accelerators MAMI-C in Mainz, ELSA in BONN and also at Jlab (see, e.g., Ref. [12] ). In this paper we report a theoretical study of the (γ, K + ) reaction on a 16 O target.
In contrast to the hadronic reactions [(K − , π − ), and (π + , K + )] which are confined mostly to the nuclear surface due to strong absorption of both K − and π ± , the (γ, K + ) reaction occurs deep in the nuclear interior due to weaker interactions of both photon and K + with the nucleus. This property makes this reaction an ideal tool for studying the deeply bound hypernuclear states provided the corresponding production mechanism is reasonably well understood. Unlike the hadronic reactions which excite predominantly the natural parity hypernuclear states, both unnatural and natural parity states are excited with comparable strength in the (γ, K + ) reaction. This is because sizable spin-flip amplitudes are present in the elementary p(γ, K + )Λ reaction due to the fact that the photon has spin 1 and small angles dominate this reaction. This feature persists in the hypernuclear photoproduction.
Furthermore, Since, a proton in the target nucleus is converted into a hyperon, this reaction leads to the production of neutron rich hypernuclei (see, e.g., Ref. [13] ) which may carry exotic features such as a halo structure.
Several theoretical investigations of the (γ, K + ) reaction on nuclear targets have been reported in the literature [14, 15, 16, 17, 18, 19, 20] . In these studies, the kaon photoproduction amplitudes on nuclei are calculated within an impulse approximation by determining expectation values of the operator for the elementary p(γ, K + )Λ production process between initial and final states of the reaction. This operator is constructed either by using the Feynman diagrammatic approach where graphs corresponding to Born terms and resonance terms in s and u channels, are included [15, 16, 20, 21] , or phenomenologically by parameterizing the experimental cross sections for the elementary process [18, 19] . Although in Ref. [17] , Dirac spinors have been used for bound state wave functions in the initial and final channels, a full covariant calculation of this reaction is still missing.
In this paper, we study the A(γ, K + ) Λ B reaction within a fully covariant model by retaining the field theoretical structure of the interaction vertices and by treating the baryons as Dirac particles moving in a static nuclear mean-field. This type of approach has previously been used in Ref. [6] to describe the hypernuclear production in proton-nucleus collisions.
In our model, the initial state interaction of the incoming photon with a bound proton leads to excitations of N * (1650) [ We have considered the diagrams of the type shown in Fig. 1 which implies that our model has only the s-channel resonance contributions. In principle, u-channel and t-channel contributions should also be included. However, calculations of the u-channel contributions would require the knowledge of a priori unknown couplings to the strange baryonic resonances. That is why these graphs have been ignored in recent photo-kaon production studies [22, 23] 
where the operator Γ µν is γ 5 σ µν (σ µν ) for odd (even) parity resonances. F µν represents the electromagnetic field tensor:
We have used the notations of Ref. [25] through out in this paper. For the spin-
case, we have
In Eq. (2), the operator Γ is unity and γ 5 for odd and even parity resonances, respec-
µ is the vector spinor for the spin-
particle. This involves the off shell projector
(1 + 2z)γ α γ µ where z is the off-shell parameter [24] which describes the off-shell admixture of spin-
fields. The choice of this parameter is arbitrary and in earlier studies it has been treated as a free parameter to be determined by fitting to the data (see, e.g. [22] ). For a more detailed discussion we refer to [22, 26, 27] . The electromagnetic coupling constants g 1 , g 2 are related to the helicity couplings [A 1/2,3/2 ] (see, e.g. Ref [24] ) which are taken from Ref. [22] . There these are determined in a coupled channels K-matrix method by fitting simultaneously to all the available data for transitions from γN to five meson-baryon final states, πN, ππN , ηN, KΛ, and KΣ for center of mass energies ranging from threshold to 2 GeV including all the baryonic resonances up to spin ≤ For the resonance-hyperon-kaon vertices we have [22, 28] .
In Eq. (4), the operator Γ ′ is γ 5 (unity) for even (odd) parity resonance. Signs and values of the hyperon-resonance-kaon coupling constants (g N * Y K ) have been taken from [28] which along with the helicity amplitudes are shown in Table I . Values of g N * Y K used by us are also consistent with those reported in Ref. [22] . It may be noted that we have used a pseudoscalar (PS) coupling for the resonance-hyperon-kaon vertex. Differences between pseudovector and PS couplings are expected to be small [22, 29] . The propagators for spin- resonances are taken to be the same as those described in Ref. [6] .
After having established these ingredients, one can write down, by following the well known Feynman rules, the amplitudes for graphs of the type shown in Fig. 1 . We have employed pure single-particle-single-hole ((ΛN −1 )) wave functions to describe the nuclear structure part because configuration mixing terms are expected to be small. The nuclear structure part is treated exactly in the same way as is described in Ref. [17] . Amplitudes involve momentum space four component (spin space) Dirac spinors (ψ) which represent wave functions of nucleon and hyperon bound states [30] and the momentum space kaon-
which can be calculated by using an appropriate K + -nucleus optical potential (see, e.g., Ref. [31] ). Momentum p K represents the asymptotic free state while p ′ K is the momentum coordinate of the produced kaon as shown in Fig. 1 . In the PW approximation, one writes Φ 
where
In Eq. (6), the real scalar and timelike vector potentials V s and V 
where [30] for more details). We have defined ℓ ′ = 2j − ℓ with ℓ and j being the orbital and total angular momenta, and
where Y represents the spherical harmonics and χ 1/2µ the spin space wave function of a spin- 1 2 particle.
Since our analysis is carried out all along in the momentum space, it includes all the nonlocalities in the production amplitude that arise from the resonance propagators. The differential cross section for the (γ, K + ) reaction is given by
where E γ and E A are the total energies of incident photon and the target nucleus, respec- Any ΛN residual interaction that may lead to configuration mixing as considered in Ref. [32] is neglected in our study. It is shown in Ref. [30] that spinors calculated in this way provide a good description of the experimental nucleon momentum distributions for various nucleon orbits. Fig. 2 shows, e.g., the momentum space 1p 1/2 Λ and 1p 3/2 Λ hyperon spinors as functions of the momentum transfer (q), for the 16 Λ N hypernucleus. In the lower panel of Fig. 2 we show the momentum distribution of the Λ hyperon for these states in 16 Λ N. We note that only for q < 1.5f m −1 , is contributions of various resonances are not specified although the resonance terms as a whole are shown to dominate both elementary and nuclear photo-kaon production cross sections.
Another noteworthy aspect of Fig. 3 is that cross sections peak at photon energies around 900 MeV, which is about 200 MeV above the production threshold for this reaction. Interestingly, the total cross section of the elementary p(γ, K + )Λ reaction also peaks about by dividing the total cross section of that J state by that of the state having the maximum cross section within that group. We first note that within each group the highest J state is most strongly excited which is in line with the results presented in Refs. [17, 32] . Furthermore, unnatural parity states within each group [except for the ground state (1p not been included in this study. However, as shown in Refs. [17, 32] , these effects are weak for reactions on p-shell nuclei but they may be more significant for heavier systems. Since, we have not included the nucleon intermediate states (Born terms), the absolute magnitudes of our total cross sections may be uncertain to the extent of about 10%.
Using the vertex constants determined in previous studies, the excitation of N * (1710) resonance dominates the hypernuclear production process. Similar results were also found in the previous studies of the A(p, K + ) Λ B reaction. The total production cross sections peak at photon energies which are above the corresponding production threshold by almost the same amount of energy as is the position of the maximum in the elementary cross section away from its respective threshold.
Our calculations confirm that the (γ, K + ) reaction on nuclei selectively excites the high spin unnatural parity states, which makes it an ideal tool for investigating the spin-flip transitions which are only weakly excited in reactions induced by hadronic probes. Therefore, electromagnetic hypernuclear production provides a fuller knowledge of hypernuclear spectra and will impose more severe constraints on the models of the ΛN interaction, particularly on its the poorly known spin dependent part. To this end it is important to extend our model to include distortion effects in the final channel so that the mechanism of this reaction can be understood more properly. 
